are slightly better when compared to the devices fabricated using thermal deposition of MoO 3 and solution processed deposition of PEDOT:PSS as an HTL under similar conditions. We have observed that the annealing temperature for HTLs in organic solar cells has a significant effect on the PCE, specifically the fill factor (FF) and short-circuit current (J sc ). In the present work, the resulting HTLs were characterized using UV-vis-NIR spectroscopy, scanning electron microscopy (SEM), atomic force microscopy (AFM) and transmission electron microscopy (TEM) for better understanding. Finally, we have provided a further example of solution-processable CuSCN as an efficient HTL in organic solar cells, in general.
Introduction
Power conversion efficiency (PCE) with adequate stability in polymeric solar cells is the most crucial challenge for their possible commercial applications at a large scale. Conventional bulk heterojunction (BHJ) solar cells have been fabricated from a blend of active layers of a conjugated material (donor material) and a fullerene derivative (acceptor material) sandwiched between the hole transport layer (HTL) on an indium tin oxide (ITO) positive electrode and the electron transport layer (ETL) on a low-work-function metal negative electrode. Various methodologies have been developed for realizing this goal, among them active layer optimization and engineering are most studied. 1, 2 In contrast to active layer, very scant studies have been reported on HTLs, which can be the electrical contacts between active layers, and electrodes, and lead to enhancement of charge transport and collection. Thus the HTL in a photovoltaic device plays a pivotal role in device stability, PCE, influencing the work function of the electrode and the properties of the active layer. It is also mentioned here that with respect to thousands of active materials (i.e. donor and acceptor materials) reported in the literature, [3] [4] [5] the types of organic HTL materials are limited to poly (3,4-ethylenedioxythiophene) :poly(styrene sulfonate) (PEDOT:PSS), polyaniline:poly(styrene sulfonate), graphene-based materials, carbon nanotubes (CNTs), etc.
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Water soluble PEDOT:PSS is the most widely used HTL in organic solar cells, while several investigations have demonstrated that due to the hygroscopic, acidic and protonation nature of PSS in PEDOT:PSS, it influences the device stability and degradation which limits their possible commercial applications. 7, 8 It is also noted that other PSS based HTL materials like polyaniline have influenced the device stability. 71 BM were used for photovoltaic device fabrication with the simplest device structure of ITO/CuSCN/active layer/Al. Detailed investigation of the effect of annealing temperature of the HTL on photovoltaic performances was done. In the present work, the resulting HTLs were characterized using UV-vis-NIR spectroscopy, scanning electron microscopy (SEM), atomic force microscopy (AFM) and transmission electron microscopy (TEM) for a better understanding to achieve the highest possible efficiency.
Experimental

Device fabrication
The organic photovoltaic devices with the geometry of glass/ ITO/CuSCN/active layer/Al were fabricated on ITO coated glass substrates. Prior to use, the substrates were cleaned with soap solution followed by deionized water. Then the substrates were refluxed in acetone followed by trichloroethane and isopropanol, respectively. After drying the substrates and UV-ozone treatment of the ITO substrate, a thin film of the CuSCN (30 nm) layer was spin coated at 3000 rpm for 60 seconds. The resulting thin films were annealed (at 90 1C for 20 minutes and 120 1C for 20 minutes) and then dried at room temperature for 1 hour under ambient conditions. Three different active materials (P3HT:PC 61 BM, PCDTBT:PC 71 BM and PTB7:PC 71 BM) were used to investigate the efficiency of the HTL. Active materials were spin coated on top of CuSCN as an HTL at 1000 rpm for 90 seconds and the resulting substrates were further annealed at 70 1C for 10 minutes (P3HT:PC 61 BM was baked for 120 1C for 10 minutes). Finally the devices were completed by the deposition of a 120 nm aluminium layer at a pressure of 5 Â 10 À6 mbar.
Device characterization
All the device measurements were performed under ambient conditions without a protective atmosphere. The currentvoltage ( J-V) characteristics and PCE were measured using a computer controlled Keithley 2400 sourcemeter. To measure the current density under illumination, the devices were illuminated from the transparent ITO electrode side using a solar simulator with an air mass of 1.5G (AM 1.5G) (100 mW cm À2 ).
UV/Vis spectra were obtained on a UV-1800 Shimadzu spectrophotometer and AFM images were obtained on a NT-MDT Solver Pro. SEM and TEM images of CuSCN films were measured using a Zeiss EVO MA-10, and variable pressure and EDS were measured on an Oxford INCA Energy 250 and a Tecnai, TF30 M/s FEI, respectively.
Results and discussion
Photovoltaic properties
Inspired by the high potential importance of CuSCN as a solution-processable HTL over PEDOT:PSS and other transition metal oxides, we decided to explore the solution-processable CuSCN as an HTL in organic solar cells in general. To examine the CuSCN films as HTLs in photovoltaic devices, BHJ solar cells were fabricated using the simplest device geometry of ITO/ CuSCN/active layer/Al as presented in Fig. 1 . It is well-known that P3HT:PC 61 BM, PCDTBT:PC 71 BM and PTB7:PC 71 BM are the most studied and successfully used donor:acceptor combinations in organic solar cells based on PEDOT:PSS and other transition metal oxides as HTLs. We have examined the efficiency of these donor:acceptor combinations using solution-processable CuSCN as an HTL in order to obtain more universal applications. The chemical structures and the band diagram of the materials used are presented in Fig. 2 and 3 , respectively. A blend of P3HT and PC 61 BM active materials are the most studied donor and acceptor materials, respectively, in organic solar cells. To examine the performance of the active layer using CuSCN as an HTL, CuSCN in diisopropyl sulfide was spincoated onto the pre-patterned ITO electrode on a glass substrate for device fabrication. The thickness of the HTL was varied by using different concentrations of the solution and rpm during spin casting followed by annealing. Then the P3HT : PC 61 BM (1.0 : 0.8 wt%) active layer from a solvent of chlorobenzene was deposited and finally the device was completed by the deposition of a 120 nm aluminium layer at a pressure of 5 Â 10 À6 mbar. We have observed that these devices show poor performance. 33 This may be due to the compatibility issue between the HTL and the active layer, namely interfacial energy alignment occurs due to the significant difference between the work function of CuSCN (À5.35 eV) and the highest occupied molecular orbital (HOMO) level of P3HT (À4.90 eV), but further studies will be needed to confirm this proposal.
To demonstrate solution-processable CuSCN as a potential HTL for low band gap donor polymers, BHJ solar cells were fabricated with well studied PCDTBT as a donor polymer with PC 71 BM as an acceptor material using a simple device structure of ITO/CuSCN/PCDTBT:PC 71 BM/Al. All the devices were fabricated and characterized under identical ambient conditions and the photovoltaic results under AM 1.5G illumination with 100 mW cm À2 are summarized in (Fig. S2 , ESI †). This is due to the lower values of J sc and V oc , while no noticeable change of FF has been found. 35 On the other hand solar cells fabricated from PEDOT:PSS as an HTL show significantly lower performance (Fig. S3, ESI †) . 36 These results clearly demonstrated that solution-processable CuSCN is an even better HTL compared to both thermally deposited MoO 3 and solution-processed PEDOT:PSS, respectively, for photovoltaic applications. In order to further examine CuSCN as an efficient HTL for low band polymers, we have considered the most successfully used PTB7 as a donor material blended with PC 71 BM as an acceptor. CuSCN as an HTL was deposited from diisopropyl sulfide solution on ITO coated glass. The obtained HTL was annealed by heating at 90 1C for 20 minutes. Then the active layer and the metal cathode were deposited successively to complete the photovoltaic device with the structure of ITO/ CuSCN/PTB7:PC 71 BM/Al. The resulting device exhibits a PCE of 3.71% with V oc , J sc and FF being 0.74 V, 16.25 mA cm À2 and 30.77%, respectively ( Fig. 5 and Table 1 , entry 3). When the HTL was annealed at 120 1C for 20 minutes a significant improvement of the PCE up to 4.60% has been achieved ( Fig. 5 and Table 1 , entry 4), as previously found for the PCDTBT:PC 71 BM active layer. However, the FF is lower due to the slight S-shape of the J-V curve originating from surface recombination and blocking contacts caused by interfacial layers. The corresponding dark curves are presented in Fig. S4 (ESI †). It may be mentioned here that in this study, PTB7 shows a poor PCE due to the lower FF compared to PCDTBT, although PTB7 is a more efficient donor material than PCDTBT. 37 
Absorption and transmission of the HTL
Optical absorption of CuSCN thin film on a quartz substrate was measured to investigate the absorption across the range of the solar spectrum (Fig. 6) . The wide optical band gap 23 of CuSCN film shows partially no absorption in the range of 500-1110 nm, while it shows absorption in the UV region (o500 nm). It is noted that PEDOT:PSS films exhibit significant absorption in the vis-NIR region due to the presence of polarons and bipolarons, which are generated by oxidative doping. Thus it is clear that the CuSCN layer shows significantly lower parasitic absorption which makes it an efficient HTL in solar cells for further improvement of the PCE. The wired behavior at around 350 nm in absorption and transmission spectra ( Fig. 6 and 7 respectively) are may be due to the excitation of electrons from sub-bands in the valence band to the conduction band. We note that earlier studies on the optical properties of CuSCN reported similar behavior. In order to understand the improvement of PCE of the devices after the annealing of the HTL, experiments were undertaken to measure the effect of temperature on the optical properties of the HTL. Absorption and transmission measurements of the as-prepared CuSCN thin film and annealed CuSCN thin films (at 90 1C for 20 minutes and 120 1C for 20 minutes) are presented in Fig. 6 and 7 , respectively. Remarkably, we did not observe any significant difference in the absorption and transmission spectra of the CuSCN film after annealing. This indicates that the enhancement may originate from the morphological improvement of the HTL due to annealing at higher temperature. 38, 39 This may originate from the higher boiling point of diisopropyl sulfide (142 1C) used for the deposition of CuSCN as an HTL.
Morphological studies
In order to understand the better photovoltaic performance due to the annealing temperature, SEM images of CuSCN films are shown in Fig. 8 . The films were prepared by spin coating on a glass substrate followed by annealing at 90 1C for 20 minutes and 120 1C for 20 minutes, respectively. We have found that both films have a smooth surface rather than a rough surface which might have facilitated good contact between the HTL and the active layer. SEM images of the HTL from the thermal deposition of MoO 3 and solution processed PEDOT:PSS are also presented in the supporting information (Fig. S5 , ESI †). To understand the film morphology at an even better scale, AFM studies in air were performed on CuSCN film. The annealed CuSCN film was relatively smooth, with root mean square 
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(RMS) roughness and average roughness being 1.82 nm and 1.12 nm, respectively (Fig. 9) . It is also mentioned here that the PEDOT:PSS film shows a smoother morphology, while CuSCN films appear as a nanocrystalline surface. The drop-coated CuSCN film has been studied by TEM. The TEM image of the CuSCN film indicates the presence of a nanowire type structure revealing the mounds to be nanocrystalline as shown in Fig. 10 .
Conclusions
In summary, conventional BHJ solar cells based on solutionprocessable CuSCN as an HTL has been fabricated using the simplest device geometry of ITO/CuSCN/active layer/Al. Three different combinations of the most studied and successfully used donor:acceptor materials (P3HT:PC 61 BM, PCDTBT:PC 71 BM and PTB7:PC 71 BM) were used and demonstrated that the solutionprocessable CuSCN as an HTL leads to efficient hole extraction. The use of CuSCN has improved light absorption within the active layer and thereby leads to up to 5.94% and 4.60% PCEs for active layers of PCDTBT:PC 71 BM and PTB7:PC 71 BM, respectively. These results are slightly better when compared to the cells fabricated using thermal deposition of MoO 3 and solution processed deposition of PEDOT:PSS as HTLs under similar conditions. The annealing temperature for the HTLs in organic solar cells has a significant effect on the PCE, specifically the FF and J sc . We have provided further examples of solution-processable CuSCN as an efficient HTL in organic solar cells, in general. This study clearly demonstrates that there is a further opportunity to optimize the solution-processable CuSCN as an HTL to improve the PCE and lifetime of the device with a wide range of materials being under process in our laboratory.
